Alzheimer's disease (AD) is the most common form of dementia, and its early detection using reliable molecular biomarkers is believed to be best approach to controlling and even curing it. Herein, we develop an ultrasensitive electrochemical nanobiosensor to quantify serum miR-137 as a validated biomarker of AD. Electrochemically-reduced graphene oxide (ERGO) and gold nanowires (AuNWs) are used to modify the surface of a screen-printed carbon electrode (SPCE) with the application of an intercalated label, doxorubicin (Dox). The fabrication steps are analysed via field emission scanning electron microscopy (FE-SEM) and energy dispersive spectroscopy (EDS), as well as two reliable electrochemical methods, cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS).
Introduction
In recent decades, the eld of biosensors has been growing, and the application of nanotechnology has developed as one of the biggest opportunities to achieve higher sensitivity for nanobiosensors. 1, 2 Among the different types of nanobiosensors, those based on electrochemical methods are still the most attractive due to their advantages of cost-effectiveness, easy production and easy use. [3] [4] [5] There are many publications, patents and commercial products related to electrochemical nanobiosensors and their application for the detection of different types of biomarkers for different purposes. 1, 6 Undoubtedly, the early and fast detection of disease are the most important steps in curing them, in which electrochemical nanobiosensors have become fundamentally useful. 1, 7, 8 MicroRNAs (miRNAs) are a hot topic today, especially circulating miRNAs which are known as modern and reliable biomarkers for disease detection. [9] [10] [11] They are short oligonucleotides that can specically bind to their target mRNA in order to decrease or inhibit expression of the target gene and consequently production of the protein. 9, 12 Since 2007, electrochemical nanobiosensors for miRNA quantication has been rapidly developing.
7,13-17
MicroRNA-137 (miR-137) (23 nucleotides) is known as a reliable non-invasive plasma biomarker for Alzheimer's disease (AD) and has been proven reliable for the detection of AD. [18] [19] [20] [21] [22] AD is a neurodegenerative disease and is the most common type of dementia, which can cause different mental disabilities ranging from memory-loss to death. [23] [24] [25] [26] AD affects over 47 million worldwide which is expected to increase to more than 131 million in 2050. Nevertheless, there is still no commercial treatment available for this disease. 20, 27, 28 Therefore, the early detection of AD is the most important step to prevent its progress; however, the conventional methods for AD detection, including medical imaging techniques, suffer from several problems and bias. 29, 30 Currently, there are some biosensors/nanobiosensors available for the quantication of different AD biomarkers using methods other than electrochemical methods, 31 including uorescent methods, 19, 32 surface plasmon resonance (SPR), 33 localized surface plasmon resonance (LSPR), 34 chemiluminescence 35 and optical methods. 36, 37 Additionally, there are numerous publications regarding electrochemical biosensors/nanobiosensors for AD detection using different types of nanoparticles, [38] [39] [40] [41] [42] [43] 56 However, thus far, to the best of our knowledge, there are no reports on electrochemical methods for the quantication of miR-137 for AD early detection and the present study is the rst.
In this study, the application of gold nanowires decorated on the surface of electrochemically-reduced graphene oxide is used to modify a screen-printed carbon electrode to enhance the sensitivity of the proposed electrochemical nanobiosensor.
Graphene has been attracting much interest since its introduction in 2004 compared to other carbon-based materials, which is mainly due to its special fascinating properties especially in the biosensing eld. [57] [58] [59] The large surface area (its 2D structure constitutes the absolute maximum surface area to volume ratio in layered materials), superior conductivity, rapid heterogeneous electron transfer, and very high mechanical strength are the most important characteristics of graphenebased nanomaterials, which make them highly attractive nano/ biomaterials for use in electrochemical biosensors to enhance their sensitivity. 7, 57, [60] [61] [62] Furthermore, a derivative of graphene, namely graphene oxide (GO), possesses oxygen-containing groups which enhance the adsorption and desorption of molecules/nanomaterials to be used to improve sensitivity. 57, 58, 63, 64 In recent years, electrochemically reduced graphene oxide (ERGO) has been produced by the electrochemical reduction of graphene oxide, which is an efficient method to enhance its conductivity and electron transfer rate and can be easily applied to the graphene oxide layer on the electrode surface.
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It has been shown that the conductivity of ERGO is much higher than that of GO due to the elimination of oxygen-containing groups although some groups cannot be removed by electrochemical reduction such as carboxylic groups which can still be used for the attachment of molecules and materials.
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Gold nanowires (AuNWs) have been used in electrochemical nanobiosensors to enhance their sensitivity via different approaches, which takes advantage of the wonderful characteristics of gold nanoparticles with high aspect ratios.
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To date, to the best of our knowledge, the combination of AuNWs and ERGO has not been reported. Although, different forms of nanocomposites containing reduced graphene and gold nanoparticles have been used in electrochemical nanobiosensors. 7, 11, [71] [72] [73] Based on our literature review, doxorubicin (Dox) has not been used as an electrochemical label in miRNA biosensors. We use it as an electrochemical label based on two important specications. First, the mechanism of Dox and DNA interaction is proven to be an intercalation interaction, which means that Dox molecules prefer to be inserted between double stranded oligonucleotides (intercalation mechanism) [74] [75] [76] which is helpful in the recognition of hybridized miRNA-DNA probe oligonucleotides over the singlestranded DNA probe. Second, the electroactive nature of the Dox molecule, which has also been proven in previous studies, makes it the perfect candidate as an electrochemical label in DNA/miRNA hybridization biosensors since its reduction peak can be easily measured in DPV experiments. 
Electrochemical system, electrodes and modications
An Autolab potentiostat/galvanostat model PGSTAT 101 (EcoChemic, Utrecht, Netherlands) and NOVA soware (version 2.1) were used as the electrochemical system. A screen-printed carbon electrode (SPCE) (Model DRP-C110) (Dropsens Co., Spain) was used in which the working electrode (4.0 mm diameter) was made of carbon, the counter electrode was made of platinum and the reference electrode was made of silver. The working electrode of the SPE (carbon) was gently washed with 50% ethanol solution and then double-distilled sterilized water and dried with nitrogen stream before use. A 4.0 mL drop of graphene oxide solution (1.0 mg mL À1 in H 2 O) was applied on the working electrode which was kept in an isolated container until it completely dried. Aerwards, a 4.0 mL drop of gold nanowires (35.0 mg mL À1 in H 2 O, CTAB modied) was applied on the GO-modied working electrode for the selfassembly decoration of the positively-charged (CTAB modied) gold nanowires on the GO layer which does have oxygencontaining functional groups, and was kept in an isolated high-humidity container until the drop completely dried. Then, the electrochemical reduction of the GO was done based on a previously reported protocol 67 by performing 15 continuous cyclic voltammetry cycles between 0.0 and À1.4 V in 50.0 mL, 0.1 M phosphate buffer at pH 6.5. Next, a 3.5 mL drop of ssDNA thiolated probe in immobilization solution (150.0 nM) was applied on the modied electrode which was also kept level in a high-humid environment for 100 minutes for the selfassembly attachment of the thiolated probes on the gold nanowire surfaces. Subsequently, the electrode was washed with sterile double distilled water to remove the unattached and disoriented probes. Then, the electrode was immersed in MCH solution for 5 min to ll the unattached area. Finally, the electrode was rinsed with an ethanol : water solution (80 : 20 v/v) and then distilled water.
miRNA hybridization and electrochemical measurement
Once the modied electrode (named nanobiosensor) was ready, it was subjected to a 2.5 mL drop of the complementary miRNA sequence for 120 min which was prepared by dissolving different concentrations of the target oligonucleotide in the hybridization solution, and then the electrode was rinsed with washing solution. Next, a drop of homogenized Dox solution (0.8 mM nal Dox concentration in 0.1 mM phosphate buffer solution (pH 7.0)) was applied to the surface of the working electrode for 15 min which was then rinsed twice with sterile double distilled water. The reduction signals of the accumulated Dox on the double strand hybridized oligonucleotides were measured via differential pulse voltammetry (DPV) at an amplitude of 25 mV, modulation time 0.05 s, and step potential of 50 mV in 1.0 M phosphate buffer solution (pH 7.0). The differential pulse voltammograms were subjected to moving average baseline correction with a peak width of 0.01.
Characterization of electrode modication steps
Field emission scanning electron microscopy (FE-SEM) imaging and energy dispersive spectroscopy (EDS) analysis were performed using a Zeiss Sigma 500 VP FESEM instrument with an integrated EDS Oxford Instrument microanalysis detector to verify the exact decoration and composition of the nanomaterials on the surface of the electrode.
Additionally, aer each preparation step cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) experiments were performed on the modied electrode in [Fe(CN) 6 ] 3À/4À solution based on a previously reported protocol. 
Specicity and real sample study
The selectivity of the biosensor was evaluated by testing in different mixed solutions of specic (target miR-137) and nonspecic oligonucleotides (one-and three-base mismatch oligos) and completely non-specic miRNAs (miR-155 and miR-21). The rest of the experiment was the same as that the previous sections and the DPV currents were used to construct a bar chart. All experiments were performed in four replicates. In addition to the specicity assessment, a real sample environment (human serum) was used to evaluate the performance of the nanobiosensor in real clinical samples with biological and chemical moieties as interferences. For this, isolated human serum was used as the real sample environment to dissolve synthetic miRNA to simulate the actual serum of an Alzheimer's patient. To assess the clinical application of the proposed nanobiosensor, three different concentrations of miR-137 (20.0, 100.0, and 500.0 fM) were prepared in the serum of a healthy normal person (33 year old man) and then the prepared modied electrode was applied to quantify the concentrations of miRNA using a similar protocol to that in the synthetic environment experiments. These experiments were performed in four replicates. All experiments were performed according to the ethical principles and national guidelines for conducting medical research on human tissue and organs in Iran, developed by the Research Ethics Committee of the Ministry of Health and Medical Education, Iran, and was approved by the Faculty of New Sciences and Technologies Bioethics Committee of the University of Tehran. In addition, informed consent was obtained from the involved serum donor.
Results and discussion
A brief schematic overview of the stages of the nanobiosensor preparation, concentrations of materials and characterization are presented in Scheme 1, as was described previously in the Materials and methods section.
3.1. Characterization of the modied electrode 3.1.1. SEM and EDS results. Analytical techniques such as SEM imaging and EDS analysis, are proven to be reliable and feasible methods for assessing the chemical and morphological changes on the surface of electrodes during nanobiosensor fabrication.
7,79,80 Therefore, FESEM imaging (with magnitude of 10 000Â) of the working electrode surface modied with GO (Fig. 1A) and ERGO + AuNWs (Fig. 1B) was used to conrm the applied modi-cations. As it can be seen in Fig. 1A , a layer of GO covered the electrode surface and in Fig. 1B , the AuNWs are homogenously distributed and decorated with different alignments and depth on the GO surface. In addition, the size, wire-form morphology and shape of the gold nanowires are exhibited in Fig. 1B .
Furthermore, the chemical composition of the surface of the modied electrode was conrmed by EDX analysis, which is one of the important characterization methods for evaluating the surface of electrodes in electrochemical experiments. The EDX spectra of the GO AuNWs modied electrode before (Fig. 1C) and aer electrochemical reduction of GO to make the ERGO + AuNWs modied electrode (Fig. 1D) are presented. The spectrum in Fig. 1C clearly depicts the presence of carbon and oxygen which originate from the graphene oxide sheet and gold element corresponding to the AuNWs. In contrast, in Fig. 1D , only carbon and gold elements are present on the surface of the electrode. From the comparison of the two spectra, the percentage of oxygen element dramatically decreased due to the electrochemical reduction of graphene oxide and elimination of the oxygen containing functional groups.
CV and EIS results. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) in [Fe(CN) 6 ]
3À/4À solution are reliable methods to assess the behaviour of electrochemical biosensors in different preparation and working steps. In the CV analysis, as presented in Fig. 2A , the currents and potentials of the peaks from the different curves changed during the electrode modications. The CV results depict that Scheme 1 Overview of the assembly, characterization and working mechanism of the nanobiosensor. aer the GO modication, the current dramatically decreased compared to the bare SPCE curve. This is mainly due to the insulating nature of GO which prevents electrons from reaching the electrode surface. However, aer the addition of AuNWs, the current increased and aer the electrochemical reduction of the GO, the current increased much more. A reasonable explanation for this observation is that the elimination of the oxygen containing functional groups of GO resulted in much better electron transfer. Aer the addition of the SS-probes, the current decreased and the addition of the target miRNA resulted in another signicant decrease in both the oxidation and reduction peak currents. This phenomenon could be due to the negative charge of the oligonucleotides, SS-probes and target miRNAs, and repulsion of the negatively charged [Fe(CN) 6 ] 3À/4À
ions. It also could be due to the spatial inhabitation of the selfassembled SS-probes and miRNA stands, which prevent the [Fe(CN) 6 ] 3À/4À ions from reaching the electrode surface. Fig. 2B shows the Nyquist plots from the EIS study and the electrical equivalent circuit. It can be seen that the R ct of the curve of the bare SPCE electrode is low (1860 U) which increased by the addition GO to the SPCE surface (3329 U) due to its insulating nature. However, the addition of AuNWs increased the electron transfer ability and therefore the R ct decreased (1944 U). Aer electrochemical reduction, the R ct decreased even lower than the bare SPCE (1335 U). This is mainly due to the reduction of graphene oxide, which turned it to a very conductive material. Aerwards, the addition of SS-probes and the target miRNA increased the R ct to 2449 U and 11 813 U, respectively. The trend of R ct changes during the preparation of the nanobiosensor is consistent with the results of the CV study, which was explained earlier. Therefore, both the CV and EIS studies explain the step-by-step modications of the electrode surface in the fabrication of the nanobiosensor.
Specicity of the nanobiosensor
The selectivity of the nanobiosensor for the target miRNA (miR-137) over non-specic oligos (one-base mismatch target; three-base mismatch target, non-specics miR-21 and miR-155) is shown in Fig. 3 . The error bars are from four replicates of each experiment. The chart clearly depicts that the proposed nanobiosensor successfully distinguishes between 50.0 fM of target miR-137 and non-specic oligos. In addition, a mixture solution of non-specic miRNAs (containing 1500.0 fM of miR-21 and miR-155) with a 30-fold higher concentration of target miRNA (50.0 fM of miR-137) was tested by the nanobiosensor and the results show the high selectivity of the nanobiosensor even at higher concentrations of non-specic oligos over the target oligo. These results are attributed to the intercalation mechanism of doxorubicin, 76, 81 which has a greater affinity to double-stranded DNA oligos than single-stranded oligos. Therefore, the nanobiosensor has the ability to distinguish between the target miRNA, which forms a complete double strand with the SS-probe, and non-specic oligos which are unable to form a complete double-stranded structure.
Analytical performance of the nanobiosensor
The ideal analytical performance of designed detection/ quantication systems is to detect low concentrations and wide linear ranges of target molecule, as well as exhibiting . In addition, the calibration plot of the nanobiosensor for these concentrations versus their DPV peak currents are shown in Fig. 4B and in addition to the trend line and regression coefficient. The detection limit was calculated to be 1.7 fM based on the slope of the trendline of the calibration plot and the method explained before. 5 The error bars in Fig. 4B were calculated based on four replicates for each experiment.
The reproducibility of the nanobiosensor was tested by performing 14 replicate experiments with the nanobiosensor detecting 50.0 fM of the target miR-137. From the results, the mean DPV peak current was 210.0 AE 5.2 nA which is about 2.5% of the relative standard deviation (RSD). This low RSD represents the good reproducibility of the nanobiosensor and the functionality of the fabrication method for future potential applications.
The stability of the nanobiosensor or its storage ability was assessed for different time periods. The fabricated nanobiosensor was stored in 0.1 M PBS pH 7.0 solution inside the refrigerator (4 C) for 5 to 20 days and then hybridized with 50.0 fM of target miR-137 and analysed with the same protocol reported earlier in Section 2.3. DNA hybridization and electrochemical measurement. The reduction peak current of Dox on the hybridized SS-probe-target miRNA was compared to that for the freshly fabricated nanobiosensor and the percentage of the performance is reported together with the RSD value for 4 replicate experiments in Table 1 .
As it can be seen in the Table 1 , the performance of the biosensor aer 20 days of storage in a refrigerator just decreased to 19.6 percent, which is acceptable for a nanobiosensor composed of nanomaterials and SSDNA probes. This result indicates that the storage ability of the fabricated electrochemical nanobiosensor is another good characteristic for its commercial application in clinics. Table 2 presents a comparison of our results with previously published papers regarding the electrochemical early detection of Alzheimer's miRNAs. As it can be seen in this table, the proposed nanobiosensor shows a better linear range and detection limit in comparison with the others. [51] [52] [53] [54] [55] Additionally, the combination of ERGO and AuNWs has not been used before in the references listed in Table 2 .
The higher sensitivity of our biosensor could be explained by combined application of SPCE electrodes, ERGO, AuNWs and Dox. Previous studies reported some advantages of SPE electrodes including low production cost, high reproducibility and reliability, and also portability of SPE. 82, 83 Furthermore, the application of ERGO 84, 85 and AuNWs 86, 87 has been reported to work well in enhancing the sensitivity of nanobiosensors, which is mainly due to their high electron transport rate in electrochemical studies, [88] [89] [90] as was explained herein. This is also concluded from comparing our results to three previous publications on electrochemical nanobiosensor for oligonucleotides. The results of the present study are relatively better than our previous report which used graphene oxide and gold nanorods on a glassy carbon electrode for the detection of serum miR-155, 7 and also much better sensitivity than other miRNA electrochemical systems without the application of nanomaterials with a detection limit of 13.5 pM. 5 The improved sensitivity in the present research might originate from the fact that ERGO was used instead of the GO which possesses better electrical conductivity, and also the application of gold nanowires instead of gold nanorods which are better media for guided electron transfer. Moreover, the sensitivity of the present nanobiosensor is also better than the study by Aghili and colleagues, in which they applied a combination of exfoliated graphene oxide and gold nano-urchins resulting in a sensitivity of 13.0 fM for DNA detection. 91 Finally, Hajihosseini and colleagues applied graphene oxide and gold nanoparticles for DNA detection and they achieved the detection limit of 27.0 pM of for bacterial DNA.
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In addition to application of nanomaterials, the use of an appropriate electrochemical intercalating label, such as doxorubicin, can result in sensitivity enhancement in electrochemical nanobiosensors. 74, 76, 93 Dox could produce reduction signals with very low noise. Therefore, the selectivity and sensitivity of our nanobiosensor were enhanced by using Dox as an electrochemical label. Moreover, the low reduction potential of Dox is an advantage in real sample studies, which enables the nanobiosensor to selectively recognize the target miRNA among other electroactive biological molecules and moieties available in the human serum involved in signalling at higher potentials and thus interfere with the signalling.
Assessment in spiked serum sample
The developed nanobiosensor was also tested in the human serum environment to assess the functionality of its sensing mechanism for the detection of the circulating biomarker of Alzheimer's disease, miR-137, in real clinical samples. Based on the standard addition method, the isolated human serum from a healthy donor was tested for miR-137 initial concentration which showed zero concentration of target miR-137 and then, three known concentrations of target miRNA were added to the isolated human serum and the nanobiosensor was used again to quantify them. The results of the relative recovery percentage of the three concentrations are listed in Table 3 , as well as the relative standard deviation of four replicates of each experiment. As it can be concluded from Table 3 , the RSD values are good and acceptable and the recovery percentages are close to 100 percent which is a sign of the great detection ability of the biosensor in a real sample environment without being affected by the other molecules and moieties in human serum. In conclusion, the proposed nanobiosensor can be considered as a new and reliable method with high sensitivity, selectivity and stable performance in real clinical sample evaluations for the early detection of the Alzheimer's disease.
Conclusions
There has been great development in the area of miRNA electrochemical nanobiosensing in the past decade since the rst report on this topic in 2007. In this eld, the main aim of scientists is to develop sensitive, selective and applicable detection methods and make diagnosis and prognosis easier for clinical technicians and medical doctors. The present study aimed to improve the diagnosis of Alzheimer's disease in its early stages using an easier, cheaper and more accurate approach than the current methods. The application of nanomaterials such as electrochemical reduced graphene oxide and gold nanowires, together with the application of screen-printed electrodes and also an electrochemical label with an intercalating mechanism enabled the proposed nanobiosensor to achieve very good sensitivity as low as 1.7 fM and also a broad linear range for the quantication of miR-137 as a conrmed and reliable biomarker for the early detection of Alzheimer's disease. The accuracy and reliability of the nanobiosensor fabrication steps were veried through different highly valued techniques and also the functionality of the nanobiosensor was demonstrated in a real sample of human plasma containing miR-137. Due to its advantages over the previous publications in this area, the proposed nanobiosensor has potential future clinical application in the early detection of Alzheimer's disease even before main clinical symptoms appear, which can stop the disease progress in its earliest stages.
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